1. INTRODUCTION 
PURPOSE AND OBJECTIVES
The Advanced Neutron Source (ANS) was intended as a user-oriented neutron research facility producing the most intense flux of thermal and subthermal neutrons in the world.'
Representing a significant research mission of the ANS, the production of cold neutron beams was one of many scientific applications for the 330-MW(f) reactor that provided the source of neutrons.
In the ANS conceptual design, cold neutrons are derived from two independent cold sources placed near the reactor core. Each cold source is a 410-mm-dim sphere of liquid deuterium contained by an aluminum alloy vessel. The liquid deuterium serves both as a neutron moderator and a single-phase cryogenic coolant for the containment vessel. For each cold source, neutron and gamma bombardment produces a heat load of -15 kW in the liquid deuterium and an additional 15 kW in the vessel. The objective is to keep the pressurized cryogen, circulating through the cold source, free from boiling under normal operation and to maintain a minimum temperature as low as practicable with a liquid flow rate of 6.5 Us (-1 .O kgls). The temperature of the liquid deuterium supplied to the vessel is 20 K (1.3 K above the triple point); the deuterium exit temperature is 25 K (2 K below the saturation temperature for a minimum system pressure of 0.25 m a ) . Because of these rather narrow margins to the phase change temperatures, careful control of all parameters is vitally important. Consistent control of the cryogen velocity over the entire inner surface of the vessel is necessary because of the requirement to remove 15 kW of heat from the vessel. This control is achieved by internal baffling, designed to add as low a mass as possible to minimize the heat load.
Experimental flow visualization tests using a surrogate fluid and transparent candidate cold source vessel designs were planned to provide valuable general indications of internal flow behavior. Thermal-hydraulic analyses were also to be performed using two-and three-dimensional (2-and 3-D) numerical simulations. Since published data are limited over the range of interest, an experimental program for the measurement of thermophysical property and heat transfer data was planned to support the computational thermal-hydraulic design studies. It is essential to have the capability to consider two-phase flow as part of the analysis of certain normal and abnormal operational transients. Final verification of the selected design included plans for a full-scale test loop with realistic heat loads and liquid deuterium flows.
COLD SOURCE CONCEPTUAL DESIGN
Many current cold source designs operate as a closed-loop gravity-driven thennosyphon in which the moderator material (e.g., hydrogen or a hydrogen-bearing cryogen) condenses in a heat exchanger, flows by gravity as a subcooled liquid to the moderator vessel, boils in the moderator vessel because of neutronic heating, and returns finally to the condenser as a superheated vapor. There are variants on this principle in which boiling occurs only in the vapor-return piping because of a sufficiently large driving head in the condenser drain line. These systems are practical only 1 2 with low-power applications. Reliability is the primary advantage of thermosyphon systems since they require no mechanical pumps or control valves and are typically self-adjusting to a range of operating loads.
The high heat loads applied to the A N S cold source, however, presented severe design difficulties for a thermosyphon system. To minimize pressure losses, a large vapor-return line would have been required, occupying otherwise heavy-water moderator space resulting in reduced cold neutron yields and increased shielding problems. Therefore, a decision was made to use a flooded single-phase system in which liquid deuterium, pressurized to 0.4 MPa, is circulated in a closed loop by a mechanical cryogenic pump. Since operation of the cold source and, therefore, the reactor is dependent on this circulator, it is important to provide redundancy in the design. A second circulator unit will be installed to obtain the necessary redundancy. deuterium. A deuterium flowrate of 6.5 Us (-1 .O kg/s) results in a temperature rise of 5 K across the moderator vessel, bringing the maximum temperature of the liquid to within 2 K of its saturation temperature (27 K) at the minimum design pressure of 0.25 MPa (see Table 1 ). The liquid deuterium flows in a closed loop with a storage vessel designed to accommodate expansion when the system is warm. The additional storage volume allows the system to remain at an overall maximum pressure of 0.4 MPa at all times.
Cooldown will always occur with the reactor off, and the remaining heat load on the cold source will amount to no more than 1 kW. The cryogenic circulators will not be used during cooldown, so the loop is designed to promote natural convection. Initially, it might be necessary to circulate the warm deuterium gas until its density has increased enough to promote adequate natural convection. The liquefaction phase of startup requires natural convection to avoid vaporlocking the cryogenic circulator impellers.
Heat transfer must be strictly controlled throughout the cooldown phase to remove the enthalpy of the metal components of the loop and limit the cooldown time to about 24 h. During normal operation when the reactor is at full power and is heating the cold source, the circulating liquid must remove 15 kW from the deuterium itself and another 15 k W from the vessel walls to maintain temperature control. It is therefore essential to have adequate heat transfer within the cold source vessel. The necessary forced-convection heat transfer coefficients will be established through internal baffles that provide sufficiently high liquid deuterium velocities next to the inner surface of the containment vessel walls. Figure 2 shows an arrangement in which an inner beryllium baffle shell creates a spherical annulus through which the full liquid flow is forced before circulating through the interior of the cold source sphere. The flow in the cold source interior is strongly 3-D because of the rectangular geometry of the reentrant cavity that partially blocks the interior flow.
The ANS operating cycle, determined by the anticipated burnup rate of the reactor fuel and fuel inventory, is currently estimated at 21 days. During the 4 days required for reactor refueling, the cold source vessel must be heated to 373 K and recooled to operating conditions. This high temperature is required to anneal the vessel material, to minimize the effects of silicon produced by nuclear transmutation. The heat to raise the vessel temperature will be provided by decay heat immediately following shutdown. To prevent overheating of the vessel, cooled deuterium gas will be circulated through the cold source. 
HEAT CONDUCTION ANALYSIS OF VESSEL WALL
In the initial stages of the analysis, a critical issue needed to be resolved. Specifically, how should the reentrant cavity be attached to the inner wall of the cold source vessel? The original design concept provided for a simple attachment in which the cryostat wall itself established the outer boundary or "backside" of the reentrant cavity, as shown in Fig. 2 . Since the entire vessel experiences some degree of neutronic heating, an analysis was required to determine if heat conduction within the wall and natural convection to the D, gas that fills the reentrant cavity would be sufficient to maintain temperature control and prevent localized boiling of the liquid D, circulating through the cold source.
A heat conduction model of the cold source vessel wall was developed using the HEA"ING7.2 code? The mesh, shown in Fig. 3 , uses 6272 finite volumes to approximate the geometry of the complete 1.5-mm-thick spherical aluminum shell. Thermal conductivity data for aluminum at cryogenic temperatures ranging from 4 K to 120 K were obtained from Touloukian et al? (see Fig. 4 ). With the origin of the x-y-z rectangular Cartesian coordinate system located at the center of the sphere, the positive y-axis passes through the centerline of the ANS reactor. The distribution of neutronic heating in the cold source vessel was approximated by a linear function of y, where the maximum heating level of 10 W/g occurred at the point on the vessel closest to the reactor, as depicted in Fig. 5 . The minimum neutronic heating level of 3.7 W/g was located at the point on the vessel farthest from the reactor, that is, diametrically opposite the location of the maximum heating level. With this distribution, the total neutronic heating load on the cold source vessel wall was 15 kW. spherical shell and forced convection cooling to a 20 K heat sink applied to the inner radius except for that portion of the vessel contiguous to the reentrant cavity where natural convection cooling to a 25 K heat sink was employed. A forced-convection heat transfer coefficient, h, was calculated for fully developed turbulent internal flow (Re > 10,000) from the Dittus-Boelter correlation4 
Heat transfer coefficients for turbulent natural convection from the vessel wall into the reentrant cavity were calculated with a correlation presented on p. 172 of ref.
4.
where Gr is the Grashof number defined by (3) (4) and p, , g, p, and L are the liquid density, magnitude of the acceleration of gravity, the coefficient of isobaric volume expansion, and the cavity height respectively.
The temperature solution for Case 1.1 is shown in Fig. 6 for the reactor side of the vessel and in Fig. 7 for the far side of the cold source. The maximum vessel temperature for this case was 52.3 K, located in the center of the thermal "footprint" of the reentrant cavity evident in Fig. 7 . In Case 1.2, the spherical annulus was extended to provide forced convection cooling to all sides of the reentrant cavity as shown in Fig. 8 . The resulting solution for Case 1.2 is depicted in Figs. 9-10. As observed in Fig. 10 , the distinctive thermal footprint of the reentrant cavity has been removed. The maximum vessel wall temperature is 28.3 K for Case 1.2. Based on the results of these scoping calculations, the decision was made to incorporate into the cold source design the requirement that the reentrant cavity should be mounted inside the cold source so that active forced cooling for all sides of the cavity is available.
Temp. ,K 
THERMAL-HYDRAULIC STUDIES

CONSERVATION LAW SYSTEM
The turbulent flow of a liquid cryogen with internal heat generation is governed by the physical principles of conservation of mass, momentum, and energy. An appropriate mathematical form for this conservation law system is the coupled set of nonlinear partial differential equations called the Reynolds-averaged Navier-Stokes equations for an incompressible (constant density) fluid.' Using index notation, steady-state forms for the conservation of mass, momentum, and energy are the continuity equation a u. 
where p, p, and a are the density, molecular dynamic viscosity, and molecular thermal diffusivity, respectively, of the fluid; U, is the time-averaged velocity vector resolution of the mean flow field; H is the time-averaged static enthalpy; p is the mution pressure (equal to the thermostatic pressure minus the hydrostatic pressure); and S, represents any distributed volumetric heat sources. Repeated indices imply summation over the computational domain, It". In CFDS-FLOW3D, Eqs. (6x8) are discretized using a nonstaggered finite volume method, and steady-state solutions for the discrete equation set are calculated using the SIMPLEC algorithm! conservation law system, statistical double correlations appear in Eqs. (7) and (8) that characterize the effects of turbulence on the -transport of momentum (Reynolds stresses, p uitu;) and thermal energy (turbulent heat fluxes, pui'h') in the mean flow field. Transport equations for each of these double correlations can be derived, but these new equations unfortunately contain additional unknown higher order correlations; therefore, Eqs. (6)-(8) do not represent a closed set. An exact closure for these correlations does not exist. The result is the classic turbulence closure problem, and approximate closure is the task of turbulence models.
For engineering calculations, the most commonly used turbulence models are based upon the Boussinesq eddy-viscosity approximation, where the Reynolds stresses are modeled by a constitutive relation having a form similar to the Stokes viscosity law for Newtonian fluids, Arising from the time-averaging of the convection terms in the original instantaneous
where K is the turbulent kinetic energy per unit mass (K = ui' ui'/2), 6, is the Kronecker delta, and ,+ is the eddy viscosity. Similar eddy difsusivity hypotheses, coupled with Reynolds-analogy approximations, result in constitutive relations for the turbulent heat flux where I ' , is the thermal eddy diffusivity and a, is the turbulent Prandtl number. Equations (9HlO)
represent defining relations for the eddy viscosity and eddy diffusivities. A method for calculating these quantities remains to be identified to obtain closure.
assume that the eddy viscosity is proportional to the product of length and velocity scales that are characteristic of the turbulence. The two-equation K-E (E is the isotropic turbulence dissipation rate) turbulence model uses the Prandtl-Kolmogorov equation,
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From dimensional arguments, turbulence models based on the Boussinesq approximation, Eq. (g),
(1 1)
where C, is an empirically derived constant, to relate K and E to the eddy viscosity, pp The velocity scale is fi, and the characteristic length scale is I?/€. Transport equations for K and E are solved to complete the approximate 1 ubulence closure,
where a,, uE , C, , and C, are empirically derived constants. In the standard high-Reynolds number K-E model, the comyutational domain does not extend all the way to solid walls. So-called wall functions, derived from the logarithmic "law-of-the-wall" velocity profile, are employed to simulate the effect of the no-slip wall boundary condition on the flow field adjacent to the wall. Related heat j7za wallfunctions are also available for the energy equation to calculate the heat ttansfer between the flow domain and solid boundaries?
The Boussinesq approximation, Eq. (9), assumes that the eddy viscosity is isotropic, that is, the eddy viscosity is the same for all components of the Reynolds stress tensor. This assumption prevents eddy viscosity turbulence models from predicting certain turbulence-induced secondary flows. One approach to calculating approximations for the Reynolds stresses and turbulent heat fluxes that does not involve the eddy viscosity hypothesis is to derive transport differential equations for the individual components of the Reynolds stresses, using modeled terms to approximate the higher-order correlations to obtain c, -au J U J 2 ' 3 -Pij -CP.. + -p e a i j = 0 , (14) ax,
where Pii is the shear-stress-production tensor,
and CPv is the pressure-strain tensor,
In addition to the differential transport equations for the Reynolds stress tensor components and the dissipation rate E, the differential Reynolds-flux turbulence model (DFM) solves a transport equation
for the Reynolds turbulent heat flux, p u: h' , the statistical double correlation between the velocity fluctuations and the fluctuating instantaneous static enthalpy, h' ,
where PF, is the mean-field-production vector, and n, is a pressure-scalar gradient term,
The model constants in Eqs. (14)- (19) 
2-D AXLSYMMETRIC MODEL DESCRIPTION
During the conceptual design phase of the cold source, the thermal-hydraulic studies have focused on determining the feasibility of using single-phase forced convection to remove the 30 kW of heat generated by neutron and gamma bombardment of the containment vessel and liquid deuterium during normal steady-state operation. The necessary forced-convection heat transfer at the inner surface of the containment vessel is accomplished by directing the recirculating liquid deuterium, as it first enters the cold source, through a spherical annulus formed by an internal beryllium baffle and the aluminum containment vessel wall. This annulus was modeled, using the computational fluid dynamics (CFD) computer program CFDS-FLOW3D, with a hemispheric 2-D misymmetric geometry for the half of the cold source sphere near the reactor. The model included internal heat generation and conduction within the 1.5-mm-thick aluminum shell and the 1-mm-thick beryllium inner baffle, as well as internal heat generation, turbulent flow, and heat transfer within the 2-mm-wide liquid deuterium annular flow field. A schematic of the model is shown in Fig. 11 , where the computational domain includes the 38-mm-ID inlet pipe, the aluminum containment vessel, the beryllium baffle, the spherical annulus, and the outlet transition into the interior of the cold source. The cold source interior was not explicitly included in the model, but its influence on heat transfer in the annulus was approximated with a constant heat transfer coefficient and cold source intenor D, temperature, T, , applied to the inner wall of the baffle. Thermophysical properties (thermal conductivity, density, and specific heat) for aluminum and beryllium were taken from Touloukian et al. (ref. 3) for the cryogenic temperature range of interest, 20-30 K. The results of an extensive literature survey of property data (dynamic viscosity, density, specific heat, and thermal conductivity) for liquid deuterium by Bass' were also used in the model development.
2-D RESULTS AND DISCUSSION
An initial meshing study was carried out to determine the spanwise resolution required to obtain essentially grid-independent solutions. For a deuterium mass flowrate of 1.02 kg/s, inlet temperature of 20 K, and a uniform nuclear heating rate of 10.94 k W in the aluminum vessel hemisphere, steadystate solutions using spanwise discretizations across the annulus of 5,10, and 15 finite volumes showed only small differences in the pressure drop and temperature distributions for the 10 and 15 volume cross-channel cases. Therefore, all subsequent cases employed 15 finite volumes distributed uniformly across the annulus. The flow path within the annulus was discretized with 200 columns of cross-channel rows nonuniformly graded to concentrate the mesh near the inlet and outlet transition regions. Different gradings were also tested to determine a grid-independent configuration.
The results of 13 steady-state solutions are summarized in Table 2 , where the test matrix includes variations in mass flowrate, nuclear heat generation, heat transfer links to the cold source interior, and annulus geometry. Of primary interest are the calculated pressure drop from the 38-mm-ID inlet to the outlet of the model (at the point of entry into the cold source interior), temperatures of the liquid deuterium, and the wall temperature distributions in the aluminum containment vessel (the outer wall of the annulus) and in the beryllium baffle (the inner wall of the annulus). Both the DFM and K-E turbulence models were used for the initial test cases, and the DFM consistently predicted maximum wall temperatures -0.2 K higher than the K-E turbulence model. No significant differences Inlet Boundary Condition 1.5 mm Al vessel 1 mm Be baffle shell bAT is the temperature rise of the liquid deuterium as it passes through the annulus. Wall superheat is calculated using a saturation temperature based on the minimum pressure in the annulus. The inlet pressure is 0.4 MPa.
in pressure drop or flow field velocity distributions were observed between the two models. The greater detail available in the DFM may prove to be more important in the 3-D models planned for future studies.
All of the results presented in Table 2 were calculated using the DFM.
Pressure drops of from 0.107 to 0.154 MPa were calculated in the first three cases. A significant contributor to the pressure drop in these cases was a flow separation around a sharp reentrant comer in the transition of the flow from the 38-mm-ID inlet line to the 2-mm annulus. The flow separation was removed by adding a curvature (7-mm radius) to the outer wall geometry in this region, thus emphasizing the importance of smooth transitions in the piping design. For the remaining cases, the pressure drops in the liquid deuterium were approximately 0.08 MPa for the design flow rate of 1.02 kg/s (0.51 kgk in the model) and 0.11 MPa for a 20% higher flowrate of 1.224 kg/s (0.612 kg/s in the model) in Case 2.6. Cases 2.4 through 2.9 demonstrated the sensitivity of the model to nuclear heating levels and distribution, liquid deuterium mass flowrate, and convection heat transfer at the inner wall of the beryllium baffle. The angle 8 referred to under the column heading "Heat flux distribution" is the angle with respect to the horizontal, where 8 = 0 is the point on the cold source surface nearest to the reactor, (see Fig. 11 ). Cases 2.10 and 2.11 checked the sensitivity of the model when the annulus width was increased to 3 mm for uniform and distributed nuclear heating respectively. The increased cross-sectional flow area reduced the pressure drop to 0.04 ma.
For all of the simulations studied, the liquid deuterium remained subcooled over the complete flow path through the annulus. In calculating wall superheat ( Twdl -T,, ), the saturation temperature, T,, for each case was determined from the minimum calculated pressure equal to 0.4 Mpa (the design supply pressure at the inlet to the cold source) minus the total AP. Since most of the pressure loss occurred in the transition between the 38-mm-ID inlet line and the annulus, the outlet pressure was close to (but always less than) the local pressure at the point of maximum wall superheat. Localized regions of wall superheat ranging from 1 to 3 K were observed in the 2-mm-wide annulus. Increasing the annulus width to 3 mm produced maximum wall superheat values up to 5 K. The calculated temperature distributions for the beryllium inner shell were below the saturation temperature of liquid deuterium for all 13 test cases.
Case 2.12 represents the current baseline calculation and includes the most recent nuclear heating estimates for the aluminum containment vessel (10.69 kW for the reactor-side hemisphere) and beryllium baffle (2.74 kW). The nuclear heating within the containment vessel was distributed as a function of distance from the reactor with a cosine function so that the peak heat load occurred at the equator, and the integrated load over the near-reactor-side hemisphere was 10.69 kW. This distribution is conservative in the sense that it overestimates the peak heat loads at the equator, where the liquid deuterium velocities are minimum. The nuclear heating of the beryllium baffle was distributed uniformly over the shell. Figure 12 shows the computed temperature distribution for Case 2.12. The maximum vessel temperature of 30.7 K and maximum superheat of 2.3 K occurred at approximately 8" below the equator. The first liquid deuterium node next to the maximum wall temperature node has a subcooled temperature of 23.7 K. Across the channel at the beryllium baffle, the liquid deuterium temperature near the wall is 21.8 K with a corresponding 22.9 K wall temperature for the beryllium baffle. The temperature gradient across the beryllium baffle is -0.1 K. Smoothly varying levels of wall superheat were calculated along the aluminum vessel between latitudinal angles 23" above and 40" below the equatorial plane. Outside of this region, the annulus wall temperatures were below the saturation temperature. With the flow converging at the annulus exit, a jet is formed as the liquid deuterium enters the interior of the cold source. Although the model was not able to predict vapor generation explicitly, sufficient information was available from the simulation to perform some preliminary calculations. The theoretical analysis of Frost and DzakowicIo presents a method of calculating the minimum required wall superheat for the initiation of vapor-bubble nucleation. In their study, the wall heat flux at the onset of nucleation, &.,B, is given by the relation where kr , u , TsAT , vfg , hrg , and Prf are the liquid thermal conductivity, surface tension, saturation temperature, latent specific volume, latent heat of vaporization, and liquid Prandtl number resp&tively. Solving
Eq. (20) for the wall superheat, one obtains
For the heat fluxes, annulus geometry, and fluid properties in the baseline case (Case 2.12), bubble nucleation is predicted by Eq. (21) to occur for wall-superheat temperatures greater than -0.4 K. Since the calculated maximum wall superheat is 2.3 K, incipient nucleate boiling is probable.
As heat conducts from the wall into the bubble, vapor continues to be generated, and the bubble [ Re For a baseline velocity of 2.65 mh at the equator, the bubble size at departure is -0.024 mm.
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An estimate for the corresponding subcooling at bubble departure can be calculated from the work of Kroeger and ZuberI3, specifically For the base case conditions, the subcooling at bubble departure is -2.1 K by Eq. (25) comared to the mean flow subcooling level of 4.7 K calculated by the model, indicating that bubble collapse soon after departure is probable. This small bubble size is an encouraging result, since it indicates that incipient nucleation will not produce bubbles that extend across a significant portion of the annulus width. However, it is still a design goal to have subcooled walls along the complete flow path. One approach is to increase the liquid deuterium velocities in critical regions by selectively decreasing the flow cross-sectional area In Figure 13 , the inner baffle has been divided into three sections with the upper and lower section providing a uniform 2-mm gap near the inlet and outlet of the annulus. The geometry of the containment vessel remains the same as the baseline case. The central section of the baffle is replaced by a nonspherical shell in the form of a "bulge'y that creates a variable annulus width smoothly changing from 2 mm to 1 mm at the equator and then back to 2 mm. The temperature distribution calculated in Case 2.13 for this configuration produced subcooled wall temperatures in the region immediately above and below the equatorial plane. Wall superheat was still observed downstream of the equator, as in Case 2.12. The results of Case 2.13 offer encouragement that, by additional modifications to the annulus geometry, a completely subcooled annulus design can be developed.
An additional set of cases was run with the 2-D model to determine the sensitivity of the maximum vessel and baffle temperatures to misalignment errors in the location of the baffle relative to the vessel. As shown in Fig. 14 , the model was modified to allow for different centers of curvature for the inner baffle and the vessel outer shell. The center of curvature for the baffle is offset by (Ax,Ay) relative to the fixed center of curvature for the vessel. For these cases, the nuclear heating rates of the vessel, baffle, and liquid D2 were also modified to correspond to the most recent neutronics calculations for the cold source by R. A. Lillie (see Fig. 15 ).14 The maximum nuclear heating rate occurs at the point on the vessel equator nearest the reactor. In Table 3 , Cases 3.1 to 3.5 assume a beryllium baffle, and Cases 3.6 to 3.10 assume an aluminum baffle. The results of the sensitivity study show that, even though the baffle temperatures are relatively insensitive to misalignment errors, the vessel maximum temperature can be significantly increased if the inner baffle has a horizontal offset of 1 mm that widens the annular gap in the regions of peak nuclear heating near the vessel equator (Cases 3.2 and 3.7). The pressure drop through the annulus is most sensitive to vertical misalignments with a baffle geometry that is offset 1 mm below where it should be (Cases 3.5 and 3.10), resulting in a factor of 3 increase in pressure drop over the perfectly aligned cases (Cases 3.1 and 3.6 ).
-.. .
FUTURE THERMAL-HYDRAULIC STUDIES
Because of the presence of the reentrant cavity and nonuniform nuclear heating of the liquid D2 , vessel, and internal baffles, the analysis of the flow and heat transfer within the cold source interior must ultimately be 3-D. Therefore, 3-D models of the complete cryostat were planned for future thermalhydraulic studies. Such models would include conjugate heat transfer with nuclear heating within the cryostat vessel, internal baffling, and the reentrant cavity walls. Predicting the effects of turbulent mixing on the mean flow field would require the most sophisticated turbulence models available, specifically an Algebraic Stress Model or a Reynolds Flux Model. The goal of the modeling would be to predict . . . '"he vessel nuclear heating in the reactor-side hemisphere is distributed as a function of distance along the beam tube. The maximum level of 10.806 w/g occurs on the vessel equator at the point nearest the reactor, and the minimum (6.788 W/g) occurs at the vessel spherical shell center of curvature.
accurately flow fields and temperature distributions so that the ability of the cold source design to maintain single-phase flow for nominal steady-state operating conditions could be assessed. Operational transients such as cooldown and heatup operations would also need to be analyzed. During these transients, both vapor and liquid phases would normally occur, thus requiring the model to simulate vapor generation and condensation in a multiphase flow environment with internal nuclear heating.
Thermal-hydrauiic analysis of the complete primary and secondary cooling systems for both steady-state and transient operation is also necessary. Such thermal-systems models are typically 1 -D and have the capability of simulating single-phase and/or multiphase flow with internal heat generation and external heat transfer through piping, fittings, valves, pumps, heat exchangers, accumulators, etc. An example of such a computational tool employed in reactor thermal-hydraulic studies of light-and heavy-water systems in power and research nuclear reactors is the RELAP5 code." A similar code would have to be identified for multiphase transient cryogenic thermal analysis. If neither a suitable commercial nor public-domain code could be found, then an in-house computational tool would need to be developed. In addition to normal operational transients, the code should also be capable of simulating abnormal transients such as loss-of-coolant and equipment-failure accidents for both systems design and safety studies.
CONCLUSIONS AND REXOMMENDATIONS
The preliminary thermal-hydraulic computational studies for the ANS cold source vessel design have been aimed at demonstrating the feasibility of achieving the necessary heat transfer at the vessel walls without producing a significant net vapor generation. Any practical engineering design is the result of optimization and arriving at the best-considered compromise. The scale of this problem, and the need for accurate results, present a considerable challenge. However, the modeling to date is relatively basic, and accordingly some fundamental assumptions have been made. As the model complexity increases, 3-D effects, caused by nonuniform heating, and the presence of an internal cavity would have to be considered. Also, the effects of temperature gradients within the inner chamber would need to be investigated. Manufacturing difficulties and the ability to maintain the annulus geometry after temperature excursions and high levels of radiation might force the design of a more complex baffle configuration. This design effort would have to be the subject of future work extending the results of the analyses described herein with integrated 3-D multiphase numerical models of the cold source interior. Complete systems analyses of the primary and secondary cryogenic loops were also planned which would typically be 1-D, multiphase, transient models designed to simulate both nominal operational transients as well as abnormal fast-transient accident scenarios. Such a systems analysis approach is important for both the design phase and the safety analysis phase of the cold source development program.
Physical testing was planned to supplement the computer modeling. Initially surrogate fluids would have been used to examine the merits of alternative configurations. All designs, however, must seriously limit the mass of material used as this directly affects the overall heat load. The final design would have been validated using full-scale experimental tests to which realistic heat loads would be applied with an authentic flow of liquid deuterium. Heat would be applied to the vessel walls by induction coils providing 15 kW of heat to represent nuclear heat generation in the vessel. After the liquid deuterium exits the annulus, a further 15 kW would be added by an external heater before the flow reenters the interior of the cold source sphere. During this test, the outer surface of the vessel would be scanned to identify any high-temperature regions, which would indicate poor heat transfer. A further test would use a full-scale loop, built to the correct geometry, to demonstrate the ability of the system design to fill and subcool the loop in its final configuration. A refrigerator capacity of only about 2 kW would have been sufficient to simulate realistic cooldown conditions.
